On distinguishing radions from Higgs bosons  by Das, Prasanta Kumar et al.
Physics Letters B 618 (2005) 221–228
www.elsevier.com/locate/physletb
On distinguishing radions from Higgs bosons
Prasanta Kumar Das a, Santosh Kumar Rai b, Sreerup Raychaudhuri b
a Department of Physics, Chung Yuan Christian University, 22 Pu-Jen, Pu-chung Li, Chung-Li 32023, Taiwan
b Department of Physics, Indian Institute of Technology, Kanpur 208016, India
Received 16 November 2004; received in revised form 4 May 2005; accepted 10 May 2005
Available online 23 May 2005
Editor: G.F. Giudice
Abstract
Radion couplings are almost identical in form to Higgs boson couplings, making it very difficult to distinguish the two states
when the masses and branching ratios to Standard Model particles are similar. The only real difference lies in the fact that
the coupling of radions to off-shell fermions is proportional to the momentum rather than the mass of the fermion. This extra
contribution gets cancelled in all tree-level processes and shows up only in loop-induced processes like Φ → γ γ and Φ → gg.
We perform a careful calculation of these branching ratios and establish that they can prove crucial in clearly distinguishing
a radion from a Higgs boson. This claim is made concrete by evaluating the exclusive cross-sections in a radiative process
involving elementary scalars.
 2005 Elsevier B.V. Open access under CC BY license.In recent years the two-brane model of Randall and
Sundrum [1] has attracted a great deal of attention be-
cause it provides an elegant solution to the thirty-odd
year-old hierarchy problem of high energy physics.
The most attractive feature of the (1 + 4)-dimensional
Randall–Sundrum (RS) model is that it explains the
large hierarchy between the electroweak scale (0.1–
1 TeV) and the Planck scale (1016 TeV) in terms of an
exponential damping of the gravitational field across a
small compact fifth dimension, without recourse to un-
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Open access under CC BY license.naturally large numbers.1 Since the hierarchy of scales
is generated by an exponential damping across the
fifth dimension, the size of this dimension requires
to be just at the right value to ensure that the hier-
archy is indeed a factor of MPl/Mew ∼ 1016. Since
the fifth dimension has the topology of a once-folded
circle, with two D3-branes at the fixed points, this
amounts to fixing the distance Rc between the two
branes very precisely. This, in turn, would require a
1 However, it is only fair to mention that this is achieved at the
expense of a delicate fine-tuning of the five-dimensional cosmologi-
cal constant with the energy densities on two branes at opposite ends
of the fifth dimension.
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tum corrections. The absence of such a mechanism
is a major flaw in the original braneworld model of
Arkani-Hamed, Dimopoulos and Dvali [2]. The ques-
tion was left unresolved even in the original work [1]
of RS, but an elegant model to explain this was given
shortly afterwards by Goldberger and Wise [3]. They
used the simple device of generating a force between
the two branes which would ensure equilibrium when
the distance between them is precisely the radius Rc
required to generate the required hierarchy. Because
of the folded structure of the fifth dimension, it is only
necessary to generate an attractive force between the
branes—since each brane is, topologically speaking,
on both sides of the other, the two pulls will balance at
the equilibrium point. The attractive force is modelled
by postulating the time-honoured device of a scalar
field which lives in all five dimensions (bulk) and has
quartic self-interactions, in the bulk, as well as in pro-
jection on the branes. It is necessary only to tune the
vacuum expectation values (vevs) of the scalar field on
the two branes to get an attractive force as required. In
fact, it can be easily shown that the potential has an
extremely steep minimum at the argument Rc, indicat-
ing that the hierarchy is fixed very accurately for small
oscillations of the bulk size about this minimum.
An important consequence of the (original) RS
model is that there exists on the TeV-brane (which
represents the observable Universe), a scalar field Φ ,
which is very much like a dilaton field and has been
dubbed the radion. The RS metric, with radial fluctu-
ations, is written in the form
(1)ds2 = e−2KT (x)ϕgµν(x) dxµ dxν −
[
T (x)
]2
dϕ2,
where T (x) is a modulus field representing dilatation
of the bulk, K is the bulk curvature and ϕ is an an-
gular coordinate describing the fifth dimension. We
can now show [4] that the five-dimensional Einstein–
Hilbert action reduces, in four dimensions, to a theory
with Kaluza–Klein gravity and a scalar term
(2)SΦ =
∫
d4x
√−|g|1
2
∂µΦ(x)∂
µΦ(x),
where the (massless, free) scalar field
(3)Φ(x) =
√
24M35/Ke
−πKT (x)
is the radion field. The Goldberger–Wise stabilisa-
tion mechanism, with a bulk scalar field B(x,ϕ) thencreates an effective scalar Φ4-potential for the ra-
dion field Φ(x) with a minimum at 〈T (x)〉 = Rc,
where KRc  11.7, the value required to generate the
electroweak hierarchy. This potential includes a ra-
dion mass term m2ΦΦ2 where mΦ is determined by
the mass mB and couplings of the bulk scalar field.
Though mB is unknown, arguing [3] that mB should
be of the order of the Planck scale—which is the only
fundamental scale in the RS model—leads to the re-
sult that mΦ should be of the order of the electroweak
symmetry-breaking scale, i.e., mΦ ∼ 100 GeV.
Phenomenology of the radion field [5] starts with
the coupling of the radion to ordinary matter, consist-
ing of the Standard Model (SM) fields. This interac-
tion which arises from the usual gravitational coupling
to matter, is the same as the coupling of a dilaton field,
viz.,
(4)L(x) = − 1
ΛΦ
Φ(x)ηµνTµν(x),
where ΛΦ is the radion vev, corresponding to the
minimum of the radion potential on the TeV brane
and Tµν is the energy–momentum tensor composed
of SM fields. The radion Feynman rules can, there-
fore, be read off from (for example), the expressions
given in Ref. [6] by simply substituting the radion
for the dilaton and ΛΦ for M¯P . It turns out that the
couplings are rather similar to those of Higgs fields
to other SM particles, though, of course, the radion
couplings originate from the couplings of the bulk
scalar2 while Higgs boson couplings arise from the
Standard Model sector. An important—and for this
work, crucial—difference arises in the fact that there
are momentum-dependent terms in the radion coupling
to matter, which are not present in the Higgs boson
coupling. To see this, we write out in full the energy–
momentum tensor for a scalar field S(x), a fermion
field ψ(x) and a vector gauge field Vµ(x).
ηµνTµν = −2
[(
DµS
)†
(DµS) − 2M2SS†S
]
− 3iψ¯/Dψ + 4mψψ¯ψ + 3i2 ∂
µ[ψ¯γµψ]
(5)− M2V Vµ(x)V µ(x),
2 It may be noted that the vev ΛΦ , arising from the couplings
of the bulk scalar, can be related [7] to the parameter Λπ which is
constrained by bounds on the graviton mass [8].
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generator in the appropriate representation. The ex-
plicit form of this for the Standard Model fields is
given in Ref. [9]. This interaction tells us that the ver-
tex for Φ(p) → ψ¯(k1) + ψ(k2) is given (in momen-
tum space) by
(6)
LΦψψ¯ =
3
2ΛΦ
u¯(k1)
(
/k1 + /k2 − 83mψ
)
u(k2)Φ(p).
If the fermions are on-shell, we can use the Dirac equa-
tion to write the above equation as
(7)LΦψψ¯ = −
mψ
ΛΦ
u¯(k1)u(k2)Φ(p),
which is a Yukawa coupling very reminiscent of the
Higgs boson. Obviously, if the fermions are off-shell,
the coupling is different. An immediate consequence
of the above is that radions, unlike Higgs bosons can
have significant couplings to light fermions, such as
electrons and u,d quarks, if any of the fermions is off-
shell and has large energy–momentum values.
Once produced, a massive radion will clearly decay.
Being a constituent field of the metric tensor the radion
couples, as described in Eqs. (4) and (5), to all pairs
of SM particles. Naturally, only those decays which
are kinematically allowed will occur. For fermionic
decay modes Φ → f f¯ (on-shell), the partial decay
widths will be suppressed by the factor m2f /Λ2Φ , since
the fermionic states will be on-shell and the radionic
coupling will be Higgs boson-like. Thus, we need to
consider only the following decay channels:
Φ → γ γ,gg
→ τ+τ−, cc¯, bb¯
→ W+W−,Z0Z0,H 0H 0
→ t t¯ .
Detailed formulae for these are given in Ref. [9]. How-
ever, in this last-mentioned work, the formulae for the
decay widths Φ → γ γ,gg have been calculated as-
suming the coupling in Eq. (7) rather than the one in
Eq. (6), and are, therefore, somewhat inaccurate. This
is because loop-fermions will obviously be off-shell
and there will be consequent modifications to the de-
cay amplitude itself. It is worth noting that though
the lighter fermions will now couple to the scalar
field through their momenta rather than their masses,Fig. 1. Feynman diagrams with a top quark loop contributing to the
process Φ → γ γ at the one-loop level.
there is a helicity flip involved in the scalar–vector–
vector one-loop diagrams, which results in an ampli-
tude proportional to the fermion masses. As a result,
it is only the top quark loop which makes any signif-
icant contribution—which is also the case with Higgs
bosons. The differences arise, then, solely from the ex-
tra off-shell terms in the Φtt¯ coupling.
In this work, we have calculated the one-loop-
mediated decay widths afresh, using the off-shell cou-
pling of Eq. (6). The relevant Feynman diagrams are
listed in Fig. 1. Of these, the triangle diagrams marked
(A) and (B) are similar to those responsible for the
process H 0 → γ γ . The ones marked (C) and (D) arise
from non-renormalisable couplings of the radion (dila-
ton) to a photon and a fermion pair, which arise at the
lowest order in an effective theory of gravity coupling
to matter. It is worth mentioning at this point that the
presence of these vertices is responsible, in tree-level
processes like, for example, e+e− → ZΦ or e+e− →
+−Φ , for precisely cancelling out the momentum-
dependent part of the +−Φ coupling and rendering
the cross-section totally Higgs-like. However, the sit-
uation is different inside a loop diagram, as we shall
presently argue.
Following the usual procedure [10] for calculating
the amplitude for a process like Φ(p) → γ (k1)γ (k2),
we write the amplitude as
M(Φ → γ γ )
(8)= [A(p2)kν1kµ2 + B(p2)ηµν]ε∗µ(k1)ε∗ν (k2)
which is consistent with Lorentz-symmetry and the
transverse nature of the photon. Imposition of gauge
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(9)B(p2)= −A(p2)k1.k2
which relates the (naively divergent) form factor
B(p2) to the finite form factor A(p2), and hence acts
as a regulator for the process. The amplitude then be-
comes
M(Φ → γ γ )
(10)= A(p2)(kν1kµ2 − k1.k2ηµν)ε∗µ(k1)ε∗ν (k2)
which means that it is only necessary to calculate the
finite form factor A(p2) = A(M2Φ) in order to get the
decay width. Since A(p2) can be calculated by eval-
uating the coefficients of kν1k
µ
2 alone, it can now be
seen, by writing down the Feynman amplitudes for
the diagrams marked (A)–(D) in Fig. 1, that the con-
tributions to A(p2) arise from those marked (A) and
(B), but not from those marked (C) and (D). Thus,
the exact cancellation of momentum-dependent terms,
which renders the effective radion coupling Higgs-like
in the tree-level, does not go through at the one-loop
level. This also ensures that the diagrams (A) and (B)
in Fig. 1 have residual momentum-dependent effects
and justifies corrections to the partial decay width of
Ref. [9]—which is the thrust of our present work.
For the two-photon decay mode, then, our final re-
sults are
Γ (Φ → γ γ ) = 1
64π
M3Φ
Λ2Φ
(
α
π
)2
|Iγ |2, where
(11)Iγ = bQED + IW +
∑
f
NcQ
2
f If .
In the above, Nc is the number of colours of the
fermion f and Qf is the fermionic charge. The QED
beta function (appearing because of the trace anomaly)
is given by [11,12]
(12)bQED =


20
9 for MΦ  2MW,
31
18 for 2MW < MΦ  2mt,
12
6 for MΦ > 2mt
and the loop integral functions IW and If are given by
IW = −1 − 32λW +
3
2
λW
(
1 − 1
2
λW
)
F(λW ),
(13)If = −8λf − λf (4λf − 1)F(λf ),where λi = (2mi/MΦ)2, with i running over all the
particles involved, and F(λ) is given by
F(λ) =


−2[sin−1 1√
λ
]2 for λ 1,
−π22 + 12 log2 1+
√
1−λ
1−√1−λ − iπ log
1+√1−λ
1−√1−λ
for λ < 1.
This partial decay width differs from the analogous
H 0 → γ γ decay width [13] in two major particulars,
viz.,
• The presence of the trace anomaly, i.e., the bQED
term.
• A different function If in Eq. (13) from that given
in, for example, Ref. [13].
We now go on to calculate the very-similar process
Φ → gg, which yields a partial decay width
Γ (Φ → gg) = 1
64π
M3Φ
Λ2Φ
(
αs
π
)2
|Ig|2, where
(14)Ig = bQCD +
∑
f
√
2If
and, obviously, there is no IW contribution. The QCD
beta function is given by the usual formula
(15)bQCD = 11 − 23Nf =
{ 23
3 for MΦ  2Mt,
21
3 for MΦ > 2Mt
and for αs we take the usual running value governed
by bQCD.
Branching ratios of the radion to different decay
channels may now be calculated by combining the
above formulae with those given in, for example,
Ref. [9], and varying the radion mass MΦ . Obviously
there will be no dependence on the radion vev, since all
the partial decay widths contain the same factor Λ−2Φ .
We have exhibited our results in Fig. 2(a), which show
the principal branching ratios of the radion, assum-
ing a Higgs boson mass of 150 GeV. For comparison,
Fig. 2(b) shows a similar set of branching ratios (ex-
cept the HH decay mode) for a Standard Model Higgs
boson with masses run over the same range. The dot-
dashed lines marked gg[9] and γ γ [9] correspond to
earlier results presented in Ref. [9] where the momen-
tum dependence of the radion–fermion–antifermion
coupling had not been taken into account. It may be
P.K. Das et al. / Physics Letters B 618 (2005) 221–228 225Fig. 2. Branching ratios for (a) a radion and (b) a Higgs boson (of the Standard Model) as a function of the mass. Kinks at kinematic thresholds
are mostly due to numerical instabilities. Note the enormous difference in the two-gluon decay mode for the two cases.noted that the difference is quite significant, and indi-
cates that a cancellation takes place between the finite
part of the loop diagram and the trace anomaly, which
is more pronounced for a heavy radion.
As the figure shows, the decay patterns of the two
scalar particles in question exhibit a great deal of simi-
larity but have some significant differences also. Once
above the WW and ZZ thresholds, both decay pri-
marily to weak bosons, with a small percentage of
top–antitop decays when the corresponding threshold
is crossed. Both show significant branching ratios for
the WW ∗ and ZZ∗ modes in the scalar mass range
between MW to 2MW and MZ to 2MZ . At small
masses, again, both show large branching ratios for
the bb¯ decay mode, as well as some for the cc¯ and
τ+τ− channels. However, there the similarity ends.
The radion Φ has a Φ → HH decay channel, which
is obviously forbidden for the Higgs boson. Of greater
interest is the loop-mediated decay Φ → γ γ , which
is at the level of a few per mil when the radion is
light, but is much smaller for a Higgs boson of cor-
responding mass. (Of course, such light Higgs bosons
have not been found at LEP, so this decay mode is
not really of much use in distinguishing radions from
Higgs bosons.) However, the real pièce de resistance
is the Φ → gg channel, which has a branching ratioaround two orders of magnitude larger than that of the
usual H → gg process. This branching also dominates
when only the trace anomaly contribution is taken and
people have presented ways of distinguishing radions
and Higgs in this light [14]. Apart from enhancing the
branching ratio for a radion decaying to two hadronic
jets significantly above the similar decay of the Higgs
boson, it reduces (for a light radion, the branching ra-
tio to a bb¯ pair quite significantly). In fact, we find
that for light radions, the dominant decay mode is to
gluon pairs, while for a light Higgs boson, the dom-
inant decay mode is to bb¯. Since the last decay can
be pinned down with a fair degree of efficiency by
b-tagging methods, we obtain another means of dis-
tinguishing between radions and Higgs bosons.
As an example of the efficacy of these ideas, we
now consider a 1 TeV linear e+e− collider and calcu-
late the production of a radion in association with a Z0
boson through a process of the form
e+e− → Z0 + Φ
↪→ +− + Φ
which is then compared with the usual Higgs-strahlung
process [15] obtained by replacing Φ by H 0 in the
above process. In the above  = e,µ, τ , and we have
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for  = e,µ and 80% for  = τ ). Of course, there is
a fundamental difference in the two cases because the
electroweak vev vew  246 GeV is known, while the
radion vev ΛΦ is an unknown parameter, expected to
lie at 1 TeV or above. This feature is also taken care of
in our analysis.
The discussion in the preceding paragraph makes it
clear that it is interesting to focus on two kinds of final
states, viz.
(1) e+e− → +−+ two jets, which arises when the
scalar particle decays to a pair of light quarks
or gluons3, which then undergo fragmentation to
form a pair of hadronic jets. Clearly, for a Higgs
boson, this final state will receive contributions
mainly from the decays H 0 → bb¯ and H 0 → cc¯,
with a minuscule contribution due to H 0 → gg.
However, the radion decay will have a much larger
contribution from the gg mode, and hence the
overall branching ratio to jets should be somewhat
higher.
(2) e+e− → +− +bb¯, which simply means that the
final state in the above contains two tagged b-jets.
The decay width for Φ → bb¯ is roughly the same
as that for H 0 → bb¯ when the masses and cou-
plings are the same. However, the presence of the
two-gluon decay mode makes the branching ratio
for the bb¯ mode fall quite a bit as compared to that
for the Higgs boson when the radion is light. Of
course, the bb¯ cross-section will have to be convo-
luted with efficiency factors, which we take [16] to
be ηb = 0.45 for each tagged b-quark.
For both kinds of final states, the cross-section will be
proportional to, respectively, v−2ew and Λ−2Φ . A direct
comparison between the Higgs boson and the radion
is meaningful only if these match, i.e., ΛΦ = vew 
246 GeV—a possibility which is not physically re-
alised because of constraints on ΛΦ arising from the
non-observation of graviton resonances at the Teva-
tron. However, if we consider the ratio of the two
processes, viz. σ(e
+e−→+−+two jets)
σ (e+e−→+−+bb¯) the dependence
on the vev cancels out and the differences between the
3 We exclude τ± decays because these produce narrow jets
which can be identified as τ± with 80–90% efficiency.two cases are, therefore, more robust. In fact, the un-
derlying scalar production process being the same, this
ratio is more-or-less equal to the ratio of the branch-
ing fractions B(H/Φ→two jets)
B(H/Φ→bb¯) , the only difference be-
ing due to efficiency factors.
In Fig. 3(a) and (b) we illustrate our results for the
two processes discussed above, namely,
(a) e+e− → +− + two jets,
(b) e+e− → +− + two b-jets.
The solid (red) line denotes the radion-mediated cross-
section, while the dashed (black) line denotes the
Higgs-mediated one. In generating the above curves,
we have imposed a few kinematic acceptance cuts on
the final state particles, viz.,
(1) The final-state leptons should have transverse mo-
mentum p()T > 20 GeV.
(2) The final-state leptons should have pseudo-rapid-
ity |η()| < 2.0.
(3) The final-state jets should be clearly distinguish-
able by having their thrust axes separated by
RJJ =
√
η2JJ + φ2JJ > 0.4, which is the
usual criterion adopted at, for example, the LEP
and Tevatron colliders.4
(4) The final-state jets should have transverse mo-
mentum p(J )T > 10 GeV.
(5) The final-state jets should have pseudo-rapidity
|η(J )| < 2.0.
The b-tagging efficiency has been taken to be 45%,
which is consistent with the LEP value and is proba-
bly a conservative estimate than otherwise. It should
be noted that the graphs show the excess cross-section
after removing the non-Higgs part of the Standard
Model contributions (such as e+e− → ZZ∗, etc.).
These lead to a large SM four-fermion background,
which is, however, easily reducible by selecting only
events corresponding to peaks in the +− and dijet
(bb¯) invariant masses. We have not exhibited the back-
ground analysis in this work because we wish to focus
4 In a parton-level calculation, this is simply implemented by cal-
culating R for the parent partons, without using a fragmentation
algorithm.
P.K. Das et al. / Physics Letters B 618 (2005) 221–228 227Fig. 3. Cross sections (in fb) for radiative scalar production in association with Z0 bosons, with scalar decay into (a) two jets and (b) two tagged
b-jets, as a function of the scalar mass. The solid (red) line denotes the prediction from a radion and the dashed (black) line that from a Higgs
boson. We set ΛΦ = 1 TeV and vew  246 GeV. Note the clear difference in behaviour between the two cross-sections as the scalar mass is
varied. The ratio of the two cross-sections is shown in (c).on the distinction between the two types of scalar res-
onances, rather than the mere detection of a scalar
resonance (for which several discussions are already
available in the literature).
A glance at the behaviour of the cross-sections ex-
hibited in Fig. 3(a) and (b) will make it clear that
for scalar masses well below the ZZ-threshold, the
cross-sections for +− plus two jets final state are
almost identical, apart from an overall scaling factor,
in the two cases, but there is considerable difference
if we tag b-jets for scalar masses up to at least 150
GeV. Above the ZZ-threshold there is again signifi-
cant difference in the total cross-section, which maybe attributed to the enhanced decays of the radion to
gluon jets. Noting that the plots are semi-logarithmic
in nature, the deviations between the two cases are
quite large. Interestingly, the two processes comple-
ment each other in the sense that each shows a devia-
tion in the mass region where the other process does
not. This shows up very clearly in Fig. 3(c), where
the ratio of the two cross-sections is plotted and there
is a very large deviation between the two cases all
through the mass range shown. We thus have a simple
and robust method of distinction between production
of the two kinds of scalar particle: simply measure
the cross sections for e+e− → +− + two jets and
228 P.K. Das et al. / Physics Letters B 618 (2005) 221–228for e+e− → 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− + two b-jets and compute the ratio.
A large ratio (> 10) indicates a radion, while a smaller
ratio (5–10) indicates a Higgs particle. Of course, if the
radion vev ΛΦ is very large, the radion effectively de-
couples from the Standard Model fields and, though
Fig. 3(c) remains unchanged, the radion production
cross-sections shown in Fig. 3(a), (b) dwindle accord-
ingly, so that at some stage they become impossible
to measure. This case—though not improbable—is not
the point of interest to us in this work. In fact, it may be
noted that unless the integrated luminosity is consider-
ably more than 103 fb−1, it would be difficult to probe
the radion-Higgs difference beyond a mass range of
250–300 GeV.
To summarise, then, this work consists of two parts.
In the first part, we have correctly computed the decay
width of a radion into two photons or into two gluons
using the non-Higgs-like coupling of the radion to off-
shell fermions (specifically to off-shell top quarks, in
this case). This leads to modest changes in the two-
photon branching ratios. However, we predict large
changes in the bb¯ branching ratio for light radions and
to the overall dijet branching ratio for heavy radions,
both occurring because of a greatly-enhanced two-
gluon decay mode. Using these results, we compute a
‘radion-strahlung’ process at a 1 TeV linear e+e− col-
lider and show that the processes e+e− → +− + two
jets, with and without b-tagging, may be used to distin-
guish signals from the on-shell production of a Higgs
boson from those arising from a genuine radion pro-
duction event. The ratio of the two cases is a robust
method to distinguish between the two cases, even if
the radion vev ΛΦ is not well-determined.
Before ending, it needs to be mentioned that we
have not taken into account the possibility [17] of mix-
ing between the radion and the Higgs boson. This is
permissible, and, even if precluded at the tree-level,
will be generated by quantum corrections, because the
radion and the Higgs boson carry the same set of gauge
quantum numbers. In this case, however, it is hardly
meaningful to talk of the Higgs boson and the radion
separately—there will just be two scalar states of dis-
parate masses, and with couplings scaled suitably by a
mixing angle ξ . Our work is, therefore, relevant prin-
cipally in the limit ξ → 0. However, it is worth men-
tioning that even if ξ is finite, the calculation of thedecay widths of the new scalar states to a photon pair
or a gluon pair, will be along the lines indicated in the
present work, and hence, our efforts will not have been
entirely in vain.
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